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C/SiC /��&�^y�/�,?P3~����	}�
���|������
(wdlzgxfkvqmjoesnirp{htyu�w
 710072)[ X� )B`}#_\.� (CVI) ÆM��A$�\� (RMI) Z�QtM��+v�o

C/SiC �k}35S�*x��kODm_'��tQ}3{�j		j	Æ�%v� C/SiCr� C/C .&o�k}35S�&,���}3R�+ (�'< 0.34 � 0.41), d�rYH�� (; 2.9%), {�g (; 1.9µm/ ℄), }3v�F~q!w	*:$�_Y9!�Lsy!q

C/SiC }35So}3q�o{lri�tQ9��*
�{�kB�tQ��	Æ�%v�{�kB�{H{�<f�+g)/XT/}3qoW>�F(Q�>}/�+�J�_Æ"+Q�/{�v�	� � ��C/SiC; }35S�}3{�v�`DÆ#��TB332 FJ}<)�A

1 YT�nF63�u�p�H��lV�wp.	#,�lnw%0QJjYUp:BJ)XG{��,�1.	�$,w�QJjY�gr[e�lCbBpHbBQJ(�U1wpy� [1]. C/C ~47Up�[N2�s�l[�u�Upbd0��Jlns!;%�QJjY��N=RO[eF6l
��pb�$WR� [1,2]. gs C/C ~47UaC��Le�~4S�u��0�a�:8%md�( s_C
�F (CVD �< 1200h) �N�,s7x�\[R�p��0�HL % [3∼7].

C/SiC ~47U'.5" C/C ~47U7xp'K�'.o�u�)�,��,D�:LCw�Gsw��( '.~4S�,-G���b p"b.u*s'x [6,8∼11]. ��>m?
d~47U3	 (Aircraft Braking Systems, Goodrich, Honeywell and Parker-Hannifin)tN Zj$N7U�lQJkg (Ceramic Composite Aircraft Brake Consortium) �w=�l~47Up Zj$N7U�uR�6�&w C/SiC $N7U�N=o�e�l~47U [12].*0 C/SiC ~47Up~4|�w�'0 C/C, C,
VJ�%J��l��5s,�B[5.<�p %&���� C/SiC ~47UN=h�,�B~47U�$p:x�m?4F: (DLR) aV-HJ�[5p�$�+N2%0�h
 (Porsche) IJ [13]. �X�m? Aircraft Braking Systems, Goodrich, Honeywell L OAI 
z3	LN-EdO��L<K>�85
 2005–08–01, >	R��85
2005–09–19�!L1
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619qy;8�
w^i� (2002)b℄� 
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928 H k 5 S } � 21 *-H� C/SiC $N7Up [Du�p�$�?�� C/SiC ~47Up�$L�k�X� ^^�1�d�� C/C ~47U℄=&w�uR�� [14∼16]. �E;%a�$`℄/�
(CVI) �N� B%�℄� (RMI) [�RuN��,w�p C/SiC �l~47U�+� ~4|�w��uR�$�
2 :U
2.1 =W�_z�X?s?��E3	 (Toray) _Cp PAN q T-700(12K) �X?��%p�/snZ��G_Cp 1K IA C /�yV� C X?[N�8��f? 0◦ IA/��8� 90◦ IA/��8�^�b}{�9X;%L\u�CYU0�?�
�E�X?�[NJ? C X?7[%�;%a�$`℄/� (CVI) CJ? C X?7[%UKm:� C �r?�9X|N)Q2Qu$%p\O��pKmD��k[ CVI :
Km�[N C/C �7$N7U�*C� B%�℄� (RMI) C,DK6℄^B�℄=nj C/SiC $N7U�℄=D�Æ
1420∼ 1700◦C, h~ 1∼3h. C/SiC �l~47UN-[�
�`� C/C �b< 800h, N��u�
2.2 0�-�;VC MM-1000 ~4|�k
lUy	�lPEn`(���u~4|�w�k
�k
i
= 8100r/min,QJ�K 80N/cm2. )�=w 40 ^�e� (��) =w 4 ^�*3n (1) xÆG�wS��*3n (2) xÆe�~4S���a�

S =
µcp

µmax
(1)n^� S: G�wS�� µcp: �+~4S�� µmax: ud~4S��G�wS� S sQJw�G�wpOat�� S =d�&wCQJCQ^p~4S� µ =G��

D =

(

1 −

µwet

µdry

)

× 100% (2)n^� D: e�~4S���a� µwet: e��+~4S�� µdry: )��+~4S��e�~4S���a D sQJ��e�b pu*Q��D =d�&wQJ��e�b =u*�QJw�=.G��
2.3 �GZ�=;%�jnmÆ��=w-$7aL%mo��;%�e`l (Sony-P8) �uV:sj:A�;%MtzoZ:" (SEM,?�?G3	�S-4700)L�`Z:" (OLYMPUS PM-T3)�uZ:�5p:A�;% X Y^�Y� (XRD, PANALYTIAL, X′PERT, NETHERLANDS)=ww�p`tN�
3 ���B(
3.1 C/SiC0��'�Ka��6���[�p C/SiC ~47U�u`�N� XRD 2�D2 1 �o�*2 1 4Q C/SiC ~
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4 � �VJ�q� C/SiC }35SoZ�o}3{�v� 92947Us*+A C �f\ Si �p SiC JaL`tN�%�`Z:"� C/SiC ~47Upsj�u:A�D2 2 �o�*2 2 4�.U�CX?So35 (X?�W), RMI CQ^B�=2X?�
"pj%�� _N SiC(2 (a) ^[eO35), X?��2p C X?p :�
C �r?k.zjB� Si p.iL�T�."b CX?pG=w%�X?�R~pd7T* Si(2 (a) ^�O�P35) &R�CX?Q{35�X?
"pKm�d2�2B�=� _N SiC(2 (b) ^[eO35); X?2X?R~pd6T* Si(2 (b) ^�O�P35) &R�u`sN� C X?G)�j%= SiC � Si�p2�<1 C pXo$N7U� 1 1 C/SiC }35So XRD 1�

Fig. 1 XRD pattern of C/SiC friction mate-

rials

1 2 C/SiC }35So;}Y9riI�
Fig. 2 Optical micrographs of C/SiC friction materials

(a) Region of the fiber bundle; (b) Region of sparse fiber

3.2 C/SiC0��'�0�-�Q4[�p C/SiC ~47U� 44 ^~4k
X�w�6N�|��h�~4rpV:sjD2 3 �o�k
�A�& 1.~ 1 C/SiC� C/C .��%
O2
{
Table 1 Performance of C/SiC and C/C brake materials

Density Open porosity Dry Wet Wet fading Static Line wear rate
Specimen

/g·cm−3 /% µcp S µcp S ratio D/% µcp /µm·circle−1

C/SiC 2.09 4.4 0.34 0.68 0.33 0.61 2.9 0.41 1.9

C/C 1.67 14.1 0.28 0.72 0.10 0.69 64.3 0.09 1.0`& 1 4�.U�2 C/C~47U`��C/SiC ~47Up)��e�p��~4S���, (C/SiC ~47Up)��e�p��~4S��(= 0.34 � 0.33 L 0.41, � C/C ~
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930 H k 5 S } � 21 *47Up)��e�p��~4S��(= 0.28 � 0.10 L 0.09), -sZIe��� (C/SiC~47Upe���< 2.9%, � C/C ~47Upe���< 64.3%), ~4w�`�G��*[4�� C/SiC ~47U~4w�'0 C/C ~47U�

1 3 C/SiC vÆj	W}3qU9ri
Fig. 3 Macroscopic friction surface of C/SiC specimens

(a) Stator disk; (b) Rotor disk

1 4 C/SiC K C/C (�PI4℄
Fig. 4 Brake curves of C/SiC and C/C under dry

condition

3.2.1 �A0�Q4
C/SiC L C/C )�hpQJh~2~4S�8SD2 4 �o�*2 44�.U�C)�QJh� C/SiC ~47Up~4S�,0 C/C,-� C/CG��CQJT��

C/SiC L C/C p~4S��e�`,�U[�&��[d�h~4S�bj�&��X�
h	u+20�
�QJX��C/SiCp~4S�-m

`,�+U[�*��[d�� C/C p~4S�-m:
	u�+U[�Cp�4��[d�
C/SiC ~47UCQJT��U[p�& �[ds.4!pp�Js�=QJ�&r:0%CQJT�U[[`�N�#s��,p	Ws0<�l℄��
UpsKG{�`��!QJT�U[~4S�Gdp[d�,h*0:0%p	WgC_dOp|I�|IgCN~4&rC_�4w%�l~4S�Gd�`�iX�&��[d�� C/C ~47U��=�X?L:��}C�b?f��5�CQJT�.jb?f�pjr2~4r.�u�h~4hJjb?f�9�|E�
�l jr2~4r�u�QJT� C/C~47Ub?f�p�
|ECQ�p.4!pp:0%�|Iw%l ~4S�Gd�U[�&��[d��-l^QJX�~4rU�
ÆVpf��?�QJD�,��
�a�lnU^QJh�&��[d�9aC [17].
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4 � �VJ�q� C/SiC }35SoZ�o}3{�v� 931�&��[dCX�7U&rp:0%e��|��:0%pw%e��H�iX~4S�e��h�h:0%�|�X�|�p:0%sNp|m�j%pX?|�sNp|mCN~4rR~sN~4z�l~420G��,h�l~4S�p#a20�
�QJX��
��u�~4S�p#ag�z7Up�~4w�"b�*0 C/SiC p�~4S�,0�~4S���[CQJX� (u
h), C/SiC p~4S�ge�`,�U[�*��[d�CQJX�
��uh�t�p�*��.F0�
QJ���QJ(A��
C/C p�~4S�u0�~4S��Cu
h C/C p~4S�ge�	u�U[�4��[d�CQJX�
��uh��4��[d.F0�
QJ���lnQJh~{F�iXQJ(A{F�
3.2.2 9A0�Q4

C/SiC L C/C e�hQJh~2~4S�p e�f$5^D2 5 �o�*2 5 4�.U� C/SiC p~4S�e���h�f$:�� C/C p~4S�e���wZ�f$h
(e�QJX�M{�u 3 ^QJ�~4S�9j�f$).

1 5 C/SiC K C/C d�PI4℄
Fig. 5 Brake curves of C/SiC and C/C under wet condition

(a) C/SiC; (b) C/C.

w: Wet condition; r1: First return after wet condition; r2: Second return after wet condition; r3: Third return

after wet conditionC C/C ~47U^��X?L:��p::tS}C�b?f��5� C/C ~47UCQJCQ^�b?f��C_�f��?~p�W��Wr�O�u��f��%p?8hwQ,�Ce�U?8�2�L�$w%sN'..,D�j3p&r�`�&[Uu~4u= [18]. [5�e�U��aC0 C/C $N7U:7^�C~4:pw%U���
~4&r=K+sN$z�!jG℄vpw%�	uR~4S���[e�U C/C $N7Up~4S���wZ�*0 C/C ~47U-$7a,�P�w)�e�QJhC_p~4:���:7^p��M)�iXX{QJCQ^C~4r~>9gsN�M$z�U[e����Uj~4:�:7^��M)�e���9gf
�
C/SiC ~47Up-$7au�PewB�QJCQ^z��p"bh�-e�QJhC_p~4:QC���
^��M)�e�QJX��
^sZ.aC���J��X{QJCQ^%.g.e�"b��[e�f$:�

3.2.3 C/SiC0��'0�+N*
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932 H k 5 S } � 21 *~4k
X�%�`Z:":A C/SiC ~47Up~4&r�D2 6 �o�*24�:Aj�YU0~4rpX?�%�35|��h (2 (a) ^Oe�O35), �9AYU0~4rpX?�35|��d (2 (a) ^O[eO35), 2 (a) ^[eO35*|m&R#'
(sjD2 (b) [eO35). Jg�s�=YU0~4rpX?�G)RJ? C/SiC ~47Up?~0�,�K�#,R 0|�w���-YU0~4rpX?�#,R d
i:wp0�a|�w��*2 (c) 4�/Vp:Aj�~4rU.wZp_PLdOp|IaC��w C/SiC ~47Up|��n�|I|�w%=g�

1 6 C/SiC }35S}3qri
Fig. 6 Optical micrographs of C/SiC friction surface

(a) The region of fiber bundle normal to the friction surface; (b) Piled debris region; (c) Furrowing type wear

3.2.4 C/SiC0��'-MN*�G~4k
X�%Mtz":A C/SiC ~47Up|m�D2 7 �o�|m^D.|{pX?�1Ilp�?l|ms�
1 7 C/SiC }35S{lri

Fig. 7 SEM microgrphs of wear debris

(a) Weared fiber; (b) Particulate type; (c) Platelet type|m4�s*|�p C X?� SiC L Si j%�pX?
"p<1 C tN�|mC� KL~4 Kpw%U�sN~4z (D2 7(a) �o), ~4zpsN4�l~4w�G��C~4CQ^���u0~4rpX?�n
;j%p|���^U~4r��2*0|��_|a�C~4Kpw%U��	�U (D2 7(a) �o), Px+fHR~42�.F0~4S�p#,�1Il|m4�gC_�4w%L|I|�w%�.F0#,~4S���2 7(c) �?l|m�uR���N�D2 8 �o�*��4�Qk�?l|m* C tN��?l C |m4�s~4CQ^�|ICBJw%U�E<1�j%&r�q��,ep�A��?l C |mC~4CQ^!j7%G℄vpw%�4	u~4S��g,h�	uR|�a [19].
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4 � �VJ�q� C/SiC }35SoZ�o}3{�v� 933

4 �(
1. *Ca�$`℄/� (CVI) �N� B%�℄� (RMI) [�p C/SiC �l~47U[�
�� (`� C/C 4�b< 800h), N�u�~4S�, (∼0.34),~4w���G��e�sZI�� (��< 2.9%), -f$:��~4S�, (∼0.41); |�a�u (∼ 1.9µm/ ^),s�a� C/C ~47Uw�/'poq~47U�
2. [�p C/SiC �l~47Us*+A

C �f\ Si �p SiC JaL`tN� RMI XoaCQ^�X?��2p CX?p :� C�r?BzjB� Si p.iL�T�."b
C X?pG=w%��-d7T* Si R&�
C/SiC ~47U�Xo�-$7a<= 4.4%.

1 8 �>k{lo���M
Fig. 8 EDS analysis of lamellar wear debris

3. YU0~4rpX?�G)RJ? C/SiC ~47Up?~0�,�K�#,R 0|�w��
4. C/SiC ~47Up|�s�|I|�=g��"EI
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934 H k 5 S } � 21 *
Preparation and Tribological Properties of C/SiC Friction Materials

FAN Shang-Wu, XU Yong-Dong, ZHANG Li-Tong, CHENG Lai-Fei, LOU Jian-Jun

(National Key Laboratory of Thermostructure Composite Materials, Northwestern Polytechnical Univer-

sity, Xi′an, 710072, China)

Abstract: The cost effective and high performance carbon/silicon carbide aircraft friction ma-

terials were prepared by the combination of chemical vapor infiltration (CVI) and reactive melt

infiltration (RMI). The tribological properties of the as-manufactured C/SiC composites were mea-

sured under the simulated conditions of normal landing of the aircraft. The test results indicate

the more excellent tribological properties of C/SiC composites than that of C/C composites. The

average coefficients of kinetic friction and static friction are about 0.34 and 0.41, respectively, the

wet fading ratio is about 2.9%, the linear wear rate is less then 1.9µm·cycle−1, and the coefficient

of friction is stable. The surface microstructure and wear debris on wear-induced surfaces of C/SiC

disks were investigated by optical microscope and SEM. The results indicate that the main wear

mechanism of the C/SiC composites is the grain-abrasion. The wear resistance is improved due to

the enhanced in-plane shear strength derived from the fiber bundle vertical to the friction surface.

Key words C/SiC; friction materials; tribological properties


